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Abstract
The flavor-dependent valence, sea quark and antiquark spin distributions can be determined
separately from theoretical assumptions and experimental data. We have determined the va-
lence distributions using the Bjorken sum rule and have extracted polarized sea distributions,
assuming that the quarks and anti-quarks for each flavor are symmetric. Other experiments
have been proposed which will allow us to completely break the SU(3) symmetry of the sea
flavors. To create a physical model for the polarized gluons, we investigate the gluon spin
asymmetry in a proton, AG(x,Q
2) = ∆G(x,Q
2)
G(x,Q2) . By assuming that htis is is approximately Q
2
invariant, we can completely determine the x-dependence of this asymmetry, which satisfies con-
stituent counting rules and reproduces the basic results of the Bremsstrahlung model originated
by Close and Sivers. This asymmetry can be combined with the measured unpolarized gluon
density, G(x,Q2) to provide a prediction for ∆G(x,Q2). Existing and proposed experiments can
test both the prediction of scale-invariance for AG(x,Q
2) and the nature of ∆G itself. These
models will be discussed along with suggestions for specific experiments which can be performed
at energies typical of HERA, RHIC and LHC to determine these polarized distributions.
1 Introduction
One of the important questions in high energy physics is how the quark and gluon constituents
contribute to nucleon spin. Significant interest in high energy polarization was generated when the
European Muon Collaboration (EMC)[1] analyzed polarized deep-inelastic scattering (DIS) data
which implied that the Bjorken sum rule (BSR) of QCD[2] was satisfied and the Ellis-Jaffe sum
rule[3] based on a simple quark model was violated. Since then, the Spin Muon Collaboration
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(SMC)[4], experimental groups from SLAC[5] and the HERMES group[6] have measured g1 to
lower x with improved statistics and have lowered the systematic errors from the original data.
Our general approach has been to split the polarized quark distributions into valence and sea
components, and to use theoretical constraints and data to determine these distributions.[7] Theo-
retical constraints include the Bjorken sum rule, the quark counting rules at large x and positivity
at leading order (LO). The structure functions g1 for the proton, neutron and deuteron can be
extracted from the corresponding polarized DIS asymmetries A1, by assuming that the structure
functions g2 are small and that A1 is relatively independent of Q
2. Additional experimental infor-
mation is extracted from hyperon decay data. The Q2 dependence of the distributions is generated
by next-to-leading order (NLO) evolution.
The purpose of this paper is to outline present polarized quark models, introduce a gluon model
and discuss how these can be determined with experiments planned at the major accelerators. The
talk is outlined as follows: (1) models of the polarized valence and sea quark distributions are
summarized, (2) means by which we can extract information about the polarized quark distributions
from experiments are discussed (3) a physical model for the polarized gluons via the asymmetry
∆G/G is presented and (4) a set of experiments is suggested, which would distinguish the quark
and gluon contributions to the proton spin.
2 Quark Distributions
2.1 Valence quarks
There have been two models proposed for construction of the valence quark distributions. The
original Carlitz-Kaur[8] model, based upon a modified SU(6) quark configuration and the Isgur[9]
model, constructed from hyperfine splitting of the constituent quark model.
The original Carlitz-Kaur model constructed the polarized valence quark distributions from
the unpolarized ones by starting with a modified 3-quark model based on an SU(6) proton wave
function. From this, the valence quark distributions can be written as:
∆uv(x,Q
2) = cos θD[uv(x,Q
2)−
2
3
dv(x,Q
2)],
∆dv(x,Q
2) = −
1
3
cos θDdv(x,Q
2), (1)
where cos θD is a ”spin dilution” factor which vanishes as x → 0 and becomes unity as x → 1,
characterizing the valence quark helicity contribution to the proton.[8] Since the spin dilution factor
is not derived from first principles, it is adjusted to satisfy the Bjorken sum rule, which is considered
to be a fundamental test of QCD. This enables us to determine the valence distributions explicitly.
The resulting valence distributions are not very sensitive to the unpolarized distributions used
to generate them.[7] In this model, 〈∆uv〉 = 0.90 ± 0.03 and 〈∆dv〉 = −.25 ± 0.03, the spin
contribution from the valence quarks is 0.65 ± 0.06. The errors arise from data on gA/gV and
higher order corrections. These results are consistent with the measured magnetic moment ratio,
µp/µn.
The Isgur model uses the hyperfine interactions of the constituent quark model to predict the
valence distribution in the kinematic region 0.3 ≤ x ≤ 0.9, where valence quarks dominate in the
proton. The shape of the polarized valence distributions are slightly different from the Carlitz-Kaur
model, but the essential features are the same. The minor differences are likely not distinguishable
by any proposed experiments. Both models are consistent with recent SMC[10] and HERMES
data.[6]
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2.2 Sea quarks
We assume that the lightest flavors should dominate the spin of the sea, since the heavier quarks
would be significantly harder to polarize. The SU(6) symmetry of the sea can be completely broken
by considering the following:
• assuming that the polarization of the heavier strange quarks is suppressed,[7]
• since the unpolarized quark flavors are asymmetric and we assume that the polarized distri-
butions depend upon these, there is reason to believe that there is flavor asymmetry in the
polarized quarks,[11, 12]
• chiral quark model predictions.[13]
The sea distributions are then related by:
∆u¯(x,Q2) = c1∆u(x,Q
2) = c2∆d¯(x,Q
2) = c3∆d(x,Q
2) (2)
= [1 + ǫ]∆s¯(x,Q2) = [1 + ǫ]∆s(x,Q2), (3)
where ǫ is a measure of the increased difficulty in polarizing the strange quarks and the ci are
due to the asymmetries in the quark and antiquark polarized distributions for each flavor. It is
implicitly assumed that the strange sea is equally polarized (∆s ≈ ∆s¯). Since both are likely small,
any differences due to meson-baryon effects in the fluctuation of the proton wave function,[14] are
likely not distinguishable by polarized experiments. We also assume the the charm contribution to
proton spin in this kinematic region is negligible compared to the light quark contributions.
Additional constraints are provided by the axial-vector current operators, A3, A8 and A0. The
coefficient A8, determined by hyperon decay, A0 is related to the total spin carried by the quarks
Through these relations, we can extract specific information about individual contributions to the
overall proton spin.
2.3 Extraction of quark distributions from data
There are various experiments proposed or in progress to extract the polarized quark distributions.
The valence models can be tested to a rough approximation in deep-inelastic scattering[6] if certain
simplifying assumptions are made about the symmetry of the polarized sea. If we wish to extract
the separate flavors, independent of these assumptions, the best candidates would be differences
in asymmetries measured in π± and K± production.[15] The sea distributions and dependence of
the asymmetries on the fragmentation functions cancel in these differences, so that the individual
valence distributions may be found. Here
Api
+
p −A
pi−
p =
4∆uv −∆dv
4uv − dv
(4)
AK
+
p −A
K−
p =
∆uv
uv
(5)
Api
+
d −A
pi−
d =
∆uv +∆dv
uv + dv
, (6)
where p refers to a proton target and d to a deuteron target. The proton asymmetries would be
sufficient to uniquely determine the valence distributions, but the deuteron measurement provides
a good consistency check for these models.
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As shown in ref. [7], we can extract values of the spin contribution of the sea quarks from
deep-inelastic scattering and hyperon data, provided we assume symmetry within each flavor of
the sea. Refer to Table 1 for a summary of these results. The estimated errors are based on which
model of ∆G is used and on the variations of the integrated structure functions (
∫ 1
0 g1 dx) taken
from each experiment.
Table 1. Integrated Polarized Distributions
Quantity Range Average ∆G unc. Exp. V ar.
< ∆u >tot 0.80→ 0.90 0.86 ±0.02 ±0.04
< ∆d >tot −.36→ −.45 −.40 ±0.02 ±0.04
< ∆s >tot −.02→ −.12 −.06 ±0.02 ±0.04
< ∆q >tot 0.23→ 0.52 0.40 ±0.02 ±0.04
From Table 1, we can draw the following conclusions:
(1) The naive quark model is not sufficient to explain the proton’s spin characteristics, since
the total quark contribution to proton spin falls between about 1
4
and 1
2
, with the average about 1
3
.
(2) All flavors of the sea are clearly polarized. The up and down contributions agree to within a
few percent. All flavors satisfy the positivity bound [16]. However, the widest percentage variation
is found in the polarized strange sea.
(3) Although the flavor contributions to the proton spin cannot be extracted precisely, the
range of possibilities has been substantially decreased. The main differences are the questions of
the strange sea spin content and the size of the polarized gluon distribution.
If we are to allow a a complete symmetry breaking of the sea, however, either more restrictions
or different measurements are required for determination of the different distributions. One set
of possibilities comes from measuring the g1 and g5 structure functions in charged current events,
particularlyW± production.[17] Polarized lepton pair production could also yield useful information
on the spin contributions from the sea.[12]
One scenario would be to extract g+1 and g
+
5 from W
+ production and g−1 and g
−
5 from W
−
production, in addition to the ratio of the integrated distributions, ∆utot/∆dtot in lepton pair
production. This provides five constraints to determine the five polarized distributions: ∆us, ∆ds,
∆u¯, ∆d¯ and ∆s = ∆s¯. The only significant unknown remaining is the size and shape of the
polarized gluon distribution.
3 The Polarized Gluon Distribution
The spin-weighted gluon density, ∆G(x,Q2), is of fundamental importance in understanding the
dynamics of hadron structure. Numerous experiments have been proposed[6, 15, 18] to extract this
distribution. Although the polarized quark distributions are somewhat well known, the shape and
size of ∆G(x,Q2) has not been determined. There have been phenomenological models proposed,[7]
but they are not based upon strict physical models. However, the constituent quark model provides
a framework for predicting an essential feature of ∆G(x,Q2).
Spin observables at small Q2 conform to the non-relativistic quark model in which spin degrees
of freedom are associated with constituent quarks. Thus the proton does not have a valence or
“constituent” gluon polarization. At low Q2 ≤ m2P , a proton consists of three “valence” quarks,
surrounded by radiated gluons and qq¯ pairs. In a variation of the Close-Sivers Bremsstrahlung
model[20], gluons obtain their polarization from the valence quarks at low to medium values of x
and Q2. The QCD evolution equations can then be used to generate a prediction for the quark and
gluon distributions at higher Q2, from a Q20 where the constituent quark picture is applicable.
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Using the assumptions from this model, we examine the gluon polarization asymmetry, defined
as
AG(x, t) ≡ ∆G(x, t)/G(x, t), (7)
where the evolution variable t ≡ ln[αs(Q
2
0)/αs(Q
2)]. It is assumed that the same factorization
prescription is used to define all of the densities in Eq. (7).
In the absence of a “constituent” gluon, both G(x, t) and ∆G(x, t) exhibit scaling violations
which can be associated with radiative diagrams. Since the positive and negative helicity gluon
diagrams are the same. the probability of measuring a gluon of either helicity does not depend upon
t. Thus, we assume that the gluon polarization asymmetry is scale invariant: ∂AG(x, t)/∂t = 0,
where t = 0 coincides with a typical hadronic scale, Q2 = m2H . Scale-invariance provides the x
dependence of AG(x), satisfying several physical constraints:
• it obeys the constituent-counting rules,
• for large x, where quark contributions dominate the gluons, the asymmetry coincides with
the original QCD-Bremsstrahlung model of Close and Sivers[20]. At other values of x, it
corresponds to a natural extension of this approach by allowing for radiation from both
quarks and gluons, and
• for small x, where the gluon contribution is dominant, the scale-invariant asymmetry has a
natural asymptotic limit, independent of the starting point.
The asymmetry, combined with parametrizations of polarized and unpolarized distributions
provides an estimate for ∆G(x,Q20) at any convenient reference scale. The requirement that AG(x, t)
has no t-dependence implies that
∂AG
∂t
=
1
G
[∂∆G
∂t
−AG(x, t)
∂G
∂t
]
= 0. (8)
The t-dependence of the gluon distributions is given by the corresponding DGLAP evolution equa-
tions. Since ∆G has not been measured, we can convert Eq. (8) into a non-linear equation for
AG(x) by inserting ∆G(x, t) = AG(x) · G(x, t) into the convolution of the evolution equations,
giving
AG =
∂∆G
∂t
∂G
∂t
=
[
∆PGq ⊗∆q +∆PGG ⊗ (AG ·G)
PGq ⊗ q + PGG ⊗G
]
. (9)
An equation in this form can be solved iteratively. We first observe that for a given value of x,
the distributions in the DGLAP equations enter only in the range [x, 1]. Then, for a large enough x
(x ≥ 0.6), the gluons can be neglected. The polarized DIS data are consistent with the constituent
counting rule result that limx→1 A1(x,Q
2) ≈ limx→1 ∆uv(x,Q
2)/uv(x,Q
2) = 1. Thus, we make an
initial approximation
lim
x→1
A0G =
[
∆PGq ⊗∆uv
PGq ⊗ uv
]
. (10)
in terms of the flavor non-singlet quark distributions, valid for large x. We can then define the
interative approximation:
An+1G =
[
∆PGq ⊗∆q +∆PGG ⊗ (A
n
G ·G)
PGq ⊗ q + PGG ⊗G
]
, (11)
which should converge for large enough n. For the starting distributions and the iterations, we use
the polarized quark distributions outlined by GGR[7] and the CTEQ4M unpolarized distributions.[21]
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Figure 1: The gluon asymmetry ∆G
G
plotted as a function of x
The iterations continue until a suitable convergence is reached. The spin-weighted gluon asymmetry
is then determined explicitly by ∆G(x, t) = AG(x) ·G(x, t). The resulting shape of AG(x) is shown
in Figure 1. This implies a larger polarized gluon distribution than the xG model of GGRA[7], so
spin asymmetries which depend upon ∆G are enhanced.
At small-x, the argument that ∂AG
∂t
= 0 implies that AG maintains its x-dependent shape
asymptotically in t. Discussion can be found in ref. [19]. The uncertainties at small-x, range from
±0.02 at x ≈ 0.20 up to ±0.1 below x = 0.05. These are primarily due to NLO corrections.
4 Experimental Program
There are many experiments either in progress or that have been proposed, to provide the means
to determine the polarized distributions. These include:
• polarized lepton-hadron scattering (DIS)
• polarized lepton pair production
• jet production
• direct photon production
• ∆G/G measurements
• cc events in W± production
• fragmentation in π and K production.
Although polarized DIS does not provide complete information on the flavor dependence of the
polarized sea distributions, much can be learned from precision x-dependent measurements. These
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wil provide a consistency check for the separate distributions as they are determined. As discussed
in ref. [22], polarized jet production and prompt photon production are the best candidates for
the determination of ∆G. The appropriate kinematic regions for STAR and PHENIX to search
are also discussed in that paper. There are a number of existing and planned experiments are
suitable for measuring either AG(x) or a combination of ∆G(x,Q
2) and G(x,Q2). Since this
model of ∆G
G
implies a larger polarized glue than the GGRA model used in ref. [22], all of the
asymmetries for direct-γ and jet production should be enhanced, making them easier to distinguish
from parametrizations of ∆G.
The HERMES experimental group at DESY has measured the longitudinal cross section asym-
metry A‖ in high-pT hadronic photoproduction.[6] From this and known values of
∆q
q
from DIS, a
value for AG(xG) can be extracted. Here, xG = sˆ/2Mν is the nucleon momentum fraction carried
by the gluon. Our value at xG = 0.17 is within one σ of the quoted value of AG = 0.41 ± 0.18
(stat.) ±0.03 (syst.).
The COMPASS group at CERN.[15] plans to extract AG from the photon nucleon asymmetry,
Acc¯γN (xG) in open charm muo-production, which is dominated by the photon-gluon fusion process.
This experiment should be able to cover a wide kinematic range of xG as a further check of this
model. The combination of these experiments will be a good test of the assumptions of our gluon
asymmetry model and a consistency check on our knowledge of the gluon polarization in the nucleon.
Acknowledgements
The work on the polarized gluon asymmetry was done in collaboration with F. Close and D. Sivers.
Work supported in part by the U.S. Department of Energy, Division of High Energy Physics,
Contract W-31-109-ENG-38.
References
[1] J. Ashman, et.al., Nucl. Phys. B328, 1 (1989).
[2] J.D. Bjorken, Phys. Rev. 148, 1467 (1966).
[3] J. Ellis and R.L. Jaffe, Phys. Rev. D9, 3594 (1974).
[4] B. Adeva, et.al., Phys. Lett. B302, 533 (1993) and Phys. Lett. B320, 400 (1994); D. Adams,
et.al., Phys. Lett. B329, 399 (1994).
[5] P.L. Anthony, et.al., Phys. Rev. Lett. 71, 959 (1993); K. Abe, et.al., Phys. Rev. Lett. 74, 346
(1995).
[6] K. Ackerstaff, et.al., Phys. Lett. B464, 123 (1999).
[7] L. E. Gordon, M. Goshtasbpour and G. P. Ramsey Phys. Rev. D58, 094017 (1998).
[8] R. Carlitz and J. Kaur, Phys. Rev. Lett. 38, 673 (1977) and J.-W. Qiu, et. al., Phys. Rev. D41,
65 (1990).
[9] N. Isgur, Phys. Rev. D59, 034013 (1999) and hep-ph/9809255.
[10] B. Adeva, et. al., Phys. Lett. B369, 93 (1996).
[11] S. Kumano, Phys. Rept. 303, 183 (1998).
7
[12] T. Morii, et. al., Phys. Lett. B462, 23 (1999).
[13] M. Wakamatsu and T. Watabe, Phys. Rev. D62, 017506 (1996).
[14] B.-Q. Ma and S. J. Brodsky, Phys. Lett. B381, 317 (1996).
[15] F. Bradamante, Prog. Part. Nucl. Phys. 44, 339 (2000).
[16] G. Preparata, P.G. Ratcliffe and J. Soffer, Phys. Lett. B273, 306 (1991).
[17] M. Anselmino, et.al., Phys. Rev. D55, 5841 (1997) and Bourreley and J. Soffer, Nucl. Phys.
B445, 341 (1995).
[18] G. Bunce, N. Saito, J. Soffer and W. Vogelsang, Ann. Rev. Nucl. Part. Phys. 50, 525 (2000)
and hep-ph/0007218.
[19] G.P. Ramsey, Proc. of SPIN 2000, Osaka, Japan, c2000, World Scientific Press and hep-
ph/0101044.
[20] F. E. Close and D. Sivers, Phys. Rev. Lett. 39, 1116 (1977).
[21] CTEQ Collaboration, H. L. Lai et al., Phys. Rev. D51, 4763 (1995).
[22] L. E. Gordon and G. P. Ramsey, Phys. Rev. D59, 074018 (1999).
8
